Brush border and basolateral membranes were then prepared from cells from the villus and crypt areas, utilizing a continuous sucrose gradient. In the villus cells, Na:H exchange activity was found associated with both the brush border and basolateral membrane, whereas, in crypt cells, Na:H exchange activity was only found on the basolateral membrane. Cl:HCO3 exchange activity was found only on the brush border membrane, in both villus and crypt cells. These studies suggest functional heterogeneity in ion transport between villus and crypt cells.
Introduction
A considerable amount of indirect evidence has accumulated suggesting that, in the intestine, villus or surface cells are the site of absorption of nutrients and electrolytes, and crypt cells are the site of secretion. Evidence indicating that villus cells are the site of absorption include the presence of a well-developed brush border and a greater concentrations of brush border hydrolytic enzymes when compared to crypt cells (1) (2) (3) (4) (5) , the occurrence of malabsorption in diseases characterized by loss of villi, and the loss of Na-coupled glucose and Cl absorption in diseases characterized by loss of villi, such as sprue and viral gastroenteritis (6) (7) (8) (9) . Evidence indicating that crypt cells are the site of secretion include (a) the occurrence of net fluid and electrolyte secretion in disease states characterized by the loss of villus, but not crypt cells (9, 10) , and (b) the demonstration that crypt cells, but not surface cells, secrete Cl (1 1-13).
We and others have previously demonstrated that Na:H and Cl:HCO3 exchange occurs on the brush border membrane (BBM)l in mammalian ileum, and probably account for the coupling of Na and Cl absorption in the ileum (14, 15) . In these studies, no attempt was made to distinguish between crypt and villus regions.
If there are differences in transport properties between villus and crypt cells, then one might expect differences in the membrane distribution of transporters, such as the Na:H and Cl:HCO3 exchangers along the villus-crypt axis. In this study we have separated villus from crypt cells in rabbit ileum and determined the presence of Na:H and Cl:HCO3 exchange in BBM and basolateral membranes (BLM) prepared from these two cell populations.
Methods
Separation of villus and crypt cells. The sequential isolation of villus and crypt cell populations was achieved by a combination of the methods of Weiser (4) and Bjerkness and Cheng (16) . Male New Zealand white rabbits weighing 2-3 kg, fasted overnight, were anesthetized with sodium pentobarbital (35 mg/kg) and the abdomen was opened. The anterior (superior) mesenteric artery was cannulated, then infused for 2 min with 60 ml ofbuffer A, consisting of(in millimolar): 96 NaCl, 27 Na citrate, 0.8 KH2PO4, 5.6 Na2HPO4, 1.5 KCl, 0.5 Na hydroxybutyrate, 0.5 dithiothreitol, 10 glucose, 2.5 glutamine, pH 7.4. The anterior mesenteric vein was nicked to allow blood to clear from the ileum. The rabbit was then killed by further injection of sodium pentobarbital and only the ileum cleared ofblood (-31/2 ft) removed. The intestine was rinsed thoroughly with buffer A, cut into 6-in segments, everted, and incubated for 20 min at 370C in buffer A gassed with 5% C02, 95% 02. The intestine was then sequentially incubated in a series of six 200-ml plastic centrifuge bottles containing buffer B, consisting of (in millimolar): 1 2 NaCl, 2.4 K2HPO4, 0.4 KH2PO4, 25 NaHCO3, 1.5 EDTA, 10 glucose, 2.5 glutamine, 0.5 Na hydroxybutyrate, 0.5 dithiothreitol, and gassed with 5% C02, 95% 02 at 370C (pH 7.4). The incubations were carried out for 10, 10, 10, 15, 15, and 30 min, respectively. The everted ileal segments were then placed on a l-ml plastic pipette and vibrated for 8 min at 60 cycles/s in ice-cold buffer B. Cells released into each of the eight solutions were collected by centrifuging at 100 g for 5 min, and washed twice with buffer B (without dithiothreitol). If membrane vesicles were to be prepared from these cells, the isolation procedures were carried out immediately.
Preparation ofmembrane vesicles. BBM vesicles were prepared by a cation precipitation technique as previously described (14) except that isolated cells were used rather than scraped mucosa. Uptake studies were performed on the same day the vesicles were prepared. Vesicles from the villus region were enriched 10.7±3. 3 ,000 g for 10 min. The pellet was discarded and the supernate was centrifuged at 41,000 g for 30 min. The supernate was discarded and the pellet was resuspended in sucrose buffer, homogenized 20 strokes, and then centrifuged at 41,000 g for 30 min. The supernate was discarded and the pellet resuspended in 60% sucrose. 2 ml of these membranes was layered at the bottom of a 28-48% continuous sucrose gradient and centrifuged at 195,700 g for 2 h. 13 fractions (-0.9 ml per fraction) were collected, diluted severalfold with sucrose buffer, and pelleted at 244,000 g for 40 min. The pellets were resuspended in 30 ml of buffer and left on ice overnight. The membranes were then pelleted as described above and resuspended in sucrose buffer and used for transport studies.
Vesicle transport studies. After a 2-h preincubation at room temperature, a 10-Al aliquot of vesicles was added to a reaction solution containing radioisotope and uptake allowed to proceed (see figure legends for composition ofsolutions). When HCO3 was used, all media were gassed with 95% N2, 5% CO2. At varying time intervals, isotope uptake was stopped with 3 ml ice-cold stop solution consisting of 10 mM Tris, 16 mM Hepes, pH 7.5 plus the desired K gluconate concentration to maintain isomolarity (preincubation medium, reaction medium, and stopping solution were always kept isomotic). The stopped solution was immediately filtered on a 0.45-jgm Millipore filter (Millipore Corp., Bedford, MA) (HAWP) and washed twice with 3 ml of ice-cold stopping solution. Radioactivity was determined using a beta scintillation counter. (Beckman Instruments, Inc., Fullerton, CA). Enzyme assays. Na-K-ATPase, a basolateral membrane enzyme, was determined indirectly by measuring ouabain-sensitive K+-stimulated neutral phosphatase by a modification ofthe method of Murer et al. ( 17) as previously described ( 14) . Maltase, a brush border enzyme, was measured using the method of Reiss and Sacktor (18) . Alkaline phosphatase activity was determined using standard reagents purchased from Sigma Chemical Co., St. Louis, MO.
Thymidine incorporation into DNA was determined as an index of thymidine kinase activity, in the following manner (19, 20) . 250 ,uCi of [methyl-3H]thymidine was injected intravenously 2 h before collection ofthe cell fractions. A crude DNA extraction was made by homogenizing the cells and adding an equal volume of 1 N perchloric acid. After allowing to stand on ice 10 min, the tissue was centrifuged 4 min and the supernatant discarded. The tissue was washed twice with 0.7 N perchloric acid before adding 1.5 ml of 0.1 N NaOH. The tubes were incubated at 37°C for 2 h then sat overnight at 4°C. 0.5 ml of solubilized sample was added to a glass scintillation vial with 21 ml of scintillation fluid and radioactivity determined in a beta counter. Thymidine incorporation was expressed as counts per minute per milligram of protein for each cell fraction.
Results
Separation of villus from crypt cells. The degree of separation of villus from crypt cells was determined utilizing enzyme markers. Alkaline phosphatase and maltase were utilized as villus cell markers and thymidine kinase was utilized as a crypt cell marker (1, 3, 4) . In Fig. 1 , it can be seen that there is a progressive decrease in maltase and alkaline phosphatase activity, and a progressive increase in thymidine kinase activity in the sequentially collected cell fractions. This indicates that there is a progressive and sequential removal of enterocytes from the villus tip to the crypts as previously demonstrated by Weiser (4). Localization of Na-glucose and Na-alanine cotransport. Previous studies have suggested that Na-cotransport processes are localized to mature villus cells (6, 7, (21) (22) (23) . We, therefore, measured Na-stimulated glucose and alanine uptake in BBM vesicles prepared from the sequentially collected cell fractions. Fig. 2 Na:H exchange activity has been recently reported to be present in the BLM preparations from the rabbit ileum (24) . Whether this reflects Na:H exchange activity intrinsic to the BLM, or instead arises from BBM contamination, was not determined (25) . To characterize the distribution of Na:H exchange and Cl:HCO3 exchange in these two membrane populations, we have separated BBM from BLM utilizing a contin- 4 and 5). In these experiments, the first three cell fractions were combined to represent villus cells (Fig. 4) and the last two cell fractions combined to represent crypt cells (Fig. 5 ). Na-K-ATPase activity was utilized as a BLM marker and maltase activity as a BBM marker. The left panels in Figs. 4 and 5 represent total activity or uptake and the right panels specific activity or uptake. In villus cells (Fig. 4) , there is a single peak of Cl:HCO3 activity (Cl uptake, panel A), which correlates with the BBM enzyme marker, maltase (panel B). In contrast, there are two peaks of Na:H activity (Na uptake), one correlating with the BLM marker, Na-K-ATPase, and one with BBM marker, maltase. Changes in specific activity (panels C and D) paralleled changes in total activity. Thus, Na:H exchange is present in both BBM and BLM of villus cells.
In crypt cells (Fig. 5) , Cl:HCO3 activity (panels A and C) was similar to that seen in villus cells, correlating with maltase activity (panels B and D). In contrast to villus cells, only one peak of Na:H activity was seen, and this correlated with the activity of the BLM marker, Na-K-ATPase. Thus, Na:H exchange is present only in the BLM of crypt cells.
Discussion
Intestinal epithelium is characterized by continuous cell renewal. Crypt cells proliferate, move up the crypt, then along the villus until they are sloughed offinto the lumen. As epithelial cells migrate up the crypt they undergo differentiation, which includes becoming tall and columnar and developing a brush border in which the microvilli are long and tightly packed (1) . Mitotic activity and thymidine uptake is confined to the crypt base and mid crypt region (1) (2) (3) (4) (5) . As the crypt cells migrate onto the villus and their brush borders become well developed, hydrolytic enzyme activity on the brush border also increases (3) (4) (5) . It is these characteristics that have enabled us and previous investigators to establish techniques for the separation of crypt and villus cells.
Weiser first reported the sequential collection ofcells along the villus-crypt axis, utilizing the luminal perfusion ofcalcium chelators (4) . Utilizing this technique alone, we were unable to satisfactorily collect the crypt cells (data not shown). With intra-arterial infusion of calcium chelators alone, a technique adapted from Bjerknes and Cheng (16) , crypt and villus cells sloughed simultaneously and thus could not be separated (data not shown). By combining the two techniques, however, and using only a short infusion of Ca chelators intra-arterially (see methods), we were able to achieve the sequential separation of cells along the villus-crypt axis as demonstrated in Fig. 1 . These results are comparable to those previously reported by Weiser in rat intestine. Fig. 2 illustrates that there is a decrease in Na-stimulated alanine and glucose uptake in BBM prepared along the villuscrypt axis. To our knowledge these are the first transport studies utilizing membrane vesicles prepared from cells collected along the villus-crypt axis. King et al. (23) found a similar decline in Na-stimulated alanine uptake utilizing intact tissue and an autoradiographic technique. Similar studies have not been done with glucose, however, Keljo et al. (26) have examined Na-stimulated glucose uptake in BBM in piglets with acute viral gastroenteritis. In infected animals, there is loss of villus cells and crypt hypertrophy (27) . Keljo et al. (25) found diminished Na-stimulated glucose uptake in BBM prepared from virus-infected animals. On the basis of kinetic studies, they concluded that BBM from virus infected animals (crypt cells only) contained only a low affinity carrier of glucose whereas BBM from controls (villus and crypt cells) contained, in addition, a high-affinity carrier. They speculated that the high-affinity carrier develops during maturation of the enterocyte as it moves from crypt to villus. We did not perform kinetic studies, and thus do not know whether the decreased uptake of glucose and alanine are due to changes in Km or VMax In contrast to the diminished uptake ofglucose and alanine along the villus-crypt axis, Cl:HCO3 exchange was relatively constant (Fig. 3) . This observation strongly suggests that this exchanger is on the BBM of both villus and crypt cells. BBM Na:H exchange, like glucose and alanine uptake, diminished along the villus-crypt axis. Since Na:H exchange activity has been recently reported to be present in the BLM preparations from rabbit small intestine (24) , it was, therefore, important to determine Na:H exchange activity in BBM and BLM simultaneously, utilizing a continuous sucrose gradient (Figs. 4 and 5) . These studies indicate that Na:H exchange activity is present on both villus and crypt cell BLM. In contrast, Na:H exchange activity is present on the BBM in villus cells only. The small hump of Na:H exchange activity (Fig. 5, A and C) correlating with the maltase peak in crypt cells may represent the beginning of the development of Na:H exchange activity or slight contamination by villus cells.
The results of this study are summarized schematically in Fig. 6 . Villus cells, but not crypt cells, have Na-glucose and Na-alanine cotransporters on the BBM. Villus cells contain Na:H and Cl:HCO3 exchangers on the BBM. Thus villus cells can absorb Na and C1 in a pH-coupled manner, as we have previously demonstrated, whereas crypt cells cannot. This observation is consistent with the general concept of the villus cell as being an absorptive cell.
A Na:H exchanger is present on the BLM ofboth villus and crypt cells (Fig. 6 ). The role of this exchanger remains to be determined. Cell pH regulation and volume regulation are possibilities. In many epithelia, the first step in C1 secretion is thought to be the coupled entry of Na and Cl or Na, K and Cl across the BLM. Na, or Na and K, are then extruded back across the BLM whereas C1 is extruded across the BBM, resulting in electrogenic Cl secretion ( Fig. 6; 28, 29) . The possible mechanisms for the coupled entry of Na and Cl across the BLM include Na-Cl cotransport, Na-K-Cl cotransport or Na:H and Cl:HCO3 exchange. The absence of BLM Cl:HCO3 activity in our study indicates that the coupled entry ofNa and Cl across the BLM in rabbit ileum is unlikely to occur by dual exchange.
The crypt cell contains a Na:H exchanger on the BLM and a Cl:HCO3 exchanger on the BBM (Fig. 6 ). This configuration of these transporters suggest that the crypt cell may function as a HCO3 secreting cell. Smith et al. have reported that in vitro rabbit ileum secretes alkali into the luminal solution and acid into the serosal solution (30) . Our results suggest that the crypt cell may be responsible for the observations made by Smith et al. (30) , although the villus cell could also secrete bicarbonate (Fig. 6) . Na VILLUS CRYPT Figure 6 . Transport pathways demonstrated in this study.
HCO3 secretion by the ileum may be an important component of many diarrhea diseases. Although current concepts of secretogogue action emphasize Cl secretion (see above and Fig.  6 ), studies in animals and patients with cholera have found high HCO3 content in ileal secretions and diarrheal fluid (31) (32) (33) . In this context, it may be noted that HCO3 secretion via luminal membrane Cl:HCO3 exchange would be enhanced by secretagogues that activate luminal membrane C1 channels (Fig. 6) , since this would permit recycling of Cl across the luminal membrane.
